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4 OCTOBER 1971

M. H. Prior and H. A. Shugart
Department of Pkysics and Lawrence Radiatum Laboratory, University of California, Berkeley, California 94720

(Received 19 August 1971)

The radiative lifetime of Li II 2 80 has been measured by counting decay photons versus
time from an ensemble of metastable Li ions stored in a simple electromagnetic trap of
the Penning variety. The result is w~», = 503(26) @sec. The error represents one stan-
dard deviation from the mean of a series of 34 separate determinations. This result is in
agreement with the theoretical value T,h

= 518 @sec.

The 2'S, state of Li II lies 60.7 eV above the
1'So ground state and, as in all He-like systems,
may decay to the ground state primarily by emis-
sion of two electric dipole photons. The rate'
for such a process is about a(Zn)' (=10 ' for
Li II) times a single-photon electric dipole rate,
which accounts for the metastability of 2'S, in
He-like species. [The forbidden magnetic-dipole
decay rate to the nearby 2'S, is extremely small
(-10 ' sec ' in LiII) and makes no significant
contribution to the 2'S, lifetime. ] The two-photon
decay rate for the 2'So state Gf systems from He I
to NeIX has been calculated by Drake, Victor,
and Dalgarno. ' They obtain for LiII T,h

——513
p, sec. Previous experimental measurements us-
ing different methods have reported results for
He I"and Ar XVII.' The two values for He I dif-
fer widely, being (from Ref. 3) 38(8) msec and

(from Ref. 4) 19.'l(10) msec. There is good
agreement between the theoretical predictions,
the results of Ref. 4, and the Ar XVII measure-
ment. However, because shielding of the nu-
cleax' charge plays a less significant role in the
theoretic. cal calculation of T 'with lncx'eRslng Z lt
is conceivable that the Ar.XVII measurement
could be consistent with the result of Ref. 3 pro-
vided there were a suitable adjustment of the
theoretical calculation.

This Lettex describes work utilizing an ion-
storage method to detex mine 7 for Li II. The re-
sult is in agreement with the calculations of
Drake, Victor, and Dalgarno' and thus suggests
resolution of the discrepancy between the two
He I measurements in favor of Ref. 4. To the
authors' knowledge, this is the first application
of the ion-storage technique to the measuxement
of a metastable lifetime.

The method used is manifestly straightforward.
A quantity (= 10') of Li ions in the 2'8, state is
created at t =0. They are stored in an ion trap
in a region (=3 cm') viewed by photon detectors
capable of counting a constant fraction of the de-
cay photons which leave the region during the
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FIG. 1. Sketch of the ion trap and photon detectors.
The neutral Li beam is represented by the cross-
hatched area in the center and is directed out of the
plane.

confinement time. These counts are accumulat-
ed over several mean lifetimes after t =0. All
ions are then swept from the trap, and a new cy-
cle is begun. Many fill-store-dump cycles are re-
peated until a decay curve is built up which has
sufficiently small statistical error to allow de-
termination of a mean lifetime. This is the
scheme in its barest essentials; the details fol-
low.

Figure 1 shows the ion-storage trap and the
photon detectors. Except for the electromagnet,
the entire apparatus is maintained under vacuum
with a base pressure of 1 ~10 ' Torr. During
operation the pressure may xise to 1&10 ' Torr,
and is sometimes purposely a.llowed to rise as
high as 1~10 ' Toxr. The vacuum envelope is
primarily stainless steel. The ion-storage vol-
ume is located in the center of the axia. lly sym-
metric electrode structure between electrodes 2

and 3. A large magnetic field (3.8-8.5 kG) con-
fines the ion motion to be near the Rxis of the
magnetic field, and negative potentials on elec-
trodes 2 and 3 with respect to 1 and 4 confine the
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ions to the region between 2 and 3.
Li ions are created inside the trap by electron

bombardment of a Li atomic beam. The beam is
depicted in Fig. 1 by the cross-hatched region in
the center and is directed out of the plane of the
figure. The neutral Li beam intensity is moni-
tored by a surface ionization detector mounted
above the plane of Fig. 1. Electrons are emitted
by a directly heated thoriated tungsten filament
I', and accelerated along the magnetic field by a
negative potential applied to E.

During any portion of the duty cycle the elec-
trical configuration of the trap can be specified
by the potentials applied to each of five electrodes
as the list (V~, V„V„V„V,). Electrode 5 does
not appear in the list since it is always at the
same potential as 4 and serves only as a collect-
ing electrode for electrons or dumped ions. A

typical duty cycle consists of the following se-
quence: a fill portion lasting 22 p, sec during
which the list is (-160, 0, -12, -12, 0), a storage
period of 2 msec with the configuration (+ 20, 0,
—12, —12, 0), and a dump period of 60 psec with

(+20, +6, +6, 0, 0). These values are typical of
those most used to obtain decay data; however,
in searching for systematic effects they were
varied widely.

Conservation of energy requires that the two
photon s eml tted in the 2 Sp de cay have ene rgies
such that hv, +hv, =E(2'S,) =60.7 eV. Thus the
distribution in wavelength of single photons issu-
ing from an ensemble of 2'Sp ions is a continuous
one with a short-wavelength cutoff at X;„=204
A and extending to infinite wavelength. For Li II,
this distribution' shows a sharp rise from A. ~j
to a peak at X=258 A, after which the intensity
drops off roughly as exp[- (a —258)/200].

To detect this radiation, two EMI 9642/2 eigh-
teen-stage CuBe venetian-blind electron multi-
pliers are used as shown in Fig. 1. To prevent
metastable neutral molecules from rea.ching the
multipliers, their view of the storage volume is
covered by aluminum films 0.75 in. in diameter
and 800 A thick. These films have "good" trans-
mission (10%&T&70%) over the range 200 to 700
A. It is estimated tha.t the Al film-CuBe multi-
plier combination responds to -2% of the radia-
tion over the region 200 to 500 A mhich strikes
the Al film. The multipliers are protected from
the stray field of the electromagnet by shielding
and by placing them = 38 cm from the center of
the magnet gap. To regain some of the solid an-
gle lost by such a large separation from the trap
center, two "light pipes" were used. They are

made of Pyrex and coated internally with a 1000-
A thickness of gold.

Pulses from the multipliers are gated into the
memory of a multichannel sealer during the trap
storage period. The memory is stepped through
100 channels with 20 p. sec dwell per channel.
Completion of the last channel signals the end of
one storage- and-data- collecting period. In or-
der to compensate for counts which originate
from excitation of background gas ions and neu-
trals, a movable beam stop is alternately moved
into and out of the Li atomic beam. The stop is
held in each position for 2000 passes through the
100-channel memory block (=4 sec total). Counts
collected with the beam on and off are stored in
separate 100-channel blocks. The time base for
the system is derived from a 100-kHz crystal os-
cillator.

The trap, operating with background pressures
of -5&10 ' Torr, will easily store =10' ions
with a mean decay time of =1 sec. More sophis-
ticated traps' have achieved much longer storage
times, but the apparatus described here is quite
adequate for the job at hand, and has the advan-
tage ot simplicity and an open structure to allow
exit of the decay photons. It should be pointed
out that, even under optimum conditions, the
number of Li ions stored was never more than
about 10% of the total number of stored positive
ions. The majority of ions (determined by cyclo-
tron resonance to be principally N, ') were creat-
ed from the background gas. Although overwhelm-
ing in number, their effects mere easily separat-
ed from those due to Li ions by means of the
beam stop and their presence did not prejudice
the results.

Figure 2 shows a decay curve representative
of the 34 used to determine T. During collection
of these data, the trap potentials mere as de-
scribed in the example above and the magnetic
field was 7.3 kG. The curve is the result of com-
puting the channel-by-channel difference of the
Li beam-on and Li beam-off data. The ratio of
counts with beam on to beam off was =7:1; the
collecting time was 17 min which, taking into ac-
count the = 25% duty cycle, corresponds to an av-
erage detected decay rate of 32 counts/sec. This
rate implies that the number of 2'Sp ions stored
during any one cycle averaged about 300. This
number is only an estimate and might vary up
or down by a factor of 10 depending on the large-
ly unknown detector-efficiency and solid-angle
factors.

Threshold studies of the decay rate versus
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4pp— TABLE I. Current status of measured 2 Sp lifetimes.
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FIG. 2. A representative Li cr 2 Sp decay curve. The
line through the points is the computer fit which gave
7 =511@sec. The final result is a mean value derived
from S4 such runs.

electron impact energy showed an onset at 66(4)
eV in agreement with the threshold of 66.1 eV
for LiI+e -LiII(2'S,)+2e . Of course, 2'S,
ions (threshold 64.4 eV) are also created and
stored in roughly the same numbers as 2 $p.
However, their decay rate by forbidden M1 is
=10 ' times the 2'S, rate. Hydrogenlike meta-
stable Li III (2'S», ) should not be present in any
significant amount for impact energies below
172.8 eV and not at all below 91.8 eV. Thus, it
is reasonable to conclude that the decay observed
is that from 2'$, .

The data were fitted with the function Ae tl +~
by a least-squares computer routine which yield-
ed the parameters A, 8, and T. The origin of the
base line B is not certain at this time, but it is
never more than =0.01A. Although it is a small
fraction of A, its reality has been established by
runs made with storage time extended to 16 msec.
8 may arise from quenching collisions of 2'S,
ions with background gas atoms. Further work is
planned to understand this phenomenon.

In a search for systematic effects, the follow-
ing quantities were varied over the ranges indi-
cated: trapping voltage (V, ,) from —6 to —18 V,
magnetic field from 3.8 to 8.5 kG, electron im-
pact energy from 88 to 268 eV, and Li beam in-
tensity from = 5 && 10' to = 5 & 10" cm ' sec '.
No significant variations in the fitted v's were
discovered. In addition, the background gas
pressure was increased from = 5&10 ' to =1
x10 ' Torr with a resultant 10/g reduction in the
fitted lifetime. This is considered good evidence
that, at the lower pressure where final data were

'From the asymptotic (large-Z) relation I/7 = 16.46
x (Z -0.797) sec, due to G. W. F. Drake in a private
communication to Marrus and Schmieder (see Ref. 5).

taken, collisional shortening of the 2 Sp lifetime
was not important.

It was discovered that the fitted 7 varies in-
versely with the number of stored charges once
this number exceeds some maximum amount.
This amount in turn varies with the trap parame-
ters. For the set of parameters used to obtain
the final data reported here (see discussion of
Fig. 2), this number was =6x10' positive charg-
es. The effect presumably arises from ion-ion
collisions which either quench the 2'S, state to
the ground or 2'S, states, or cause the Li ions to
gain enough energy to leave the trap. It may al-
so result from distortion of the trapping fields
due to the ion space charge. In any case, when
the ion density is kept below this critical value,
no effect on 7 is observed and all the final data
were taken in this safe area.

The result for v(2'S, ) is 503(26) p, sec. This is
the mean of 34 separate determinations and the
error is 1 standard deviation. Table I summar-
izes the current status of measured 2'$, life-
times. It is seen that, except for the results of
Ref. 3, the agreement between experiment and

theory is good, extending over a range of 10' in
lifetime.

Further work is continuing to improve the num-
ber quoted here and to exploit the ion-storage
technique for the study of metastable lifetimes
in other positive and negative ions.
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Observations of the time development of damage tracks in sapphire are explained in
terms of a backward-moving self-focused spot. The detailed characteristics of the dyna-
mics of the track evolution depend on the temporal shape of the incident laser pulse.
Both qualitative and semiquantitative features of the observed phenomena are explained
using a theory which shows that the results are consistent with a combination of both
electrostrictive and electronic self-focusing mechanisms.

The importance of self-focusing in enhancing
optical intensities in solids to material-rending
levels has long been recognized. " Unfortunately,
it has been difficult to study the self-focusing pro-
cess quantitatively in solid materials because, at
the very high incident power levels required, the
source-beam quality is ofter poor and not repro-
ducible. In this note, we present experimental
data on the space and time evolution of damage
tracks in sapphire, induced with a high-quality,
reproducible, ruby laser-amplifier source. ' We
show that these tracks may be understood qualita-
tively, and to some extent quantitatively, as
forming at the moving focus of the self-focusing
source beam. ' Experiments supporting the ex-
istence of a moving self-focus in nonlinear liq-
uids have been reported previously. ' It is hoped
that this unambiguous evidence of a moving self-
focus in sapphire will help clarify the interpreta-
tion of other "filamentary" phenomena observed
concomitantly with self-focusing in other media.

The experimental arrangement has been de-
scribed in detail elsewhere. ' All experiments
were performed using as a source a mode-con-
trolled, Q-switched ruby oscillator and amplifier.
The far-field beam profile was measured to be
Gaussian down to 8/p of the peak using a modified
multiple-lens camera technique. ' The light was
focused into the sample using a lens (f= 19 cm)
designed for minimum spherical aberration. The
sapphire samples were typically S-in. -long by
O. 25-in. -square bars. Fast streak photographs

were taken using an STL image-converter cam-
era operating in the streaking mode. In most ex-
periments a Corning 4-94 filter was placed be-
tween the camera and the sample which blocked
light at 6943 A, passing only the blue-green por-
tion of the broad-band light from the self-lumi-
nous damage track. In addition a portion of the
main beam was allowed to enter the camera di-
rectly, giving a marker streak relating the time
of formation of a particular point on the damage
track to the peak of the incident pulse.

Figure 1(a) shows a typical damage track. It
has a "head" of relatively massive damage fol-
lowed by a tapering tail which always ends at or
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FIG. 1. Typical examples of (a) damage filament,
(b) streak photograph, and (c) oscilloscope trace for a
temporally smooth incident pulse.
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